Methane (CH 4 ) is an important greenhouse gas because it has 25 times the global warming potential of carbon dioxide (CO 2 ) by mass over a century . Understanding how CH 4 emissions from ecosystems will respond to expected increases in global temperature is therefore fundamental to predicting whether the carbon cycle will mitigate or accelerate climate change. Methanogenesis is the terminal step in the remineralization of organic matter and is carried out by strictly anaerobic Archaea 3 . Like most other forms of metabolism, methanogenesis is temperature-dependent 4, 5 . However, it is not yet known how this physiological response combines with other biotic processes (for example, methanotrophy 6 , substrate supply 3, 7 , microbial community composition 8 ) and abiotic processes (for example, water-table depth 9, 10 ) to determine the temperature dependence of ecosystem-level CH 4 emissions. It is also not known whether CH 4 emissions at the ecosystem level have a fundamentally different temperature dependence than other key fluxes in the carbon cycle, such as photosynthesis and respiration. Here we use meta-analyses to show that seasonal variations in CH 4 emissions from a wide range of ecosystems exhibit an average temperature dependence similar to that of CH 4 production derived from pure cultures of methanogens and anaerobic microbial communities. This average temperature dependence (0.96 electron volts (eV)), which corresponds to a 57-fold increase between 0 and 306C, is considerably higher than previously observed for respiration (approximately 0.65 eV) 11 and photosynthesis (approximately 0.3 eV)
Methane (CH 4 ) is an important greenhouse gas because it has 25 times the global warming potential of carbon dioxide (CO 2 ) by mass over a century 1 . Recent calculations suggest that atmospheric CH 4 emissions have been responsible for approximately 20% of Earth's warming since pre-industrial times 2 . Understanding how CH 4 emissions from ecosystems will respond to expected increases in global temperature is therefore fundamental to predicting whether the carbon cycle will mitigate or accelerate climate change. Methanogenesis is the terminal step in the remineralization of organic matter and is carried out by strictly anaerobic Archaea 3 . Like most other forms of metabolism, methanogenesis is temperature-dependent 4, 5 . However, it is not yet known how this physiological response combines with other biotic processes (for example, methanotrophy 6 , substrate supply 3, 7 , microbial community composition 8 ) and abiotic processes (for example, water-table depth 9, 10 ) to determine the temperature dependence of ecosystem-level CH 4 emissions. It is also not known whether CH 4 emissions at the ecosystem level have a fundamentally different temperature dependence than other key fluxes in the carbon cycle, such as photosynthesis and respiration. Here we use meta-analyses to show that seasonal variations in CH 4 emissions from a wide range of ecosystems exhibit an average temperature dependence similar to that of CH 4 production derived from pure cultures of methanogens and anaerobic microbial communities. This average temperature dependence (0.96 electron volts (eV)), which corresponds to a 57-fold increase between 0 and 306C, is considerably higher than previously observed for respiration (approximately 0.65 eV) 11 and photosynthesis (approximately 0.3 eV) 12 .
As a result, we show that both the emission of CH 4 and the ratio of CH 4 to CO 2 emissions increase markedly with seasonal increases in temperature. Our findings suggest that global warming may have a large impact on the relative contributions of CO 2 and CH 4 to total greenhouse gas emissions from aquatic ecosystems, terrestrial wetlands and rice paddies.
Biogenic CH 4 fluxes are a major component of global CH 4 emissions, yet they are poorly constrained 2, 13, 14 . There are large uncertainties not only in the current magnitude of these fluxes but also in the factors that regulate them 2, 13 . In particular, there is substantial uncertainty in the parameterization of the temperature dependence of natural CH 4 emissions in process-based biogeochemistry models [15] [16] [17] [18] , which greatly hinders our ability to predict the response of this key component of the carbon cycle to global warming. For example, temperature dependencies for ecosystem-level CH 4 emissions have reported apparent activation energies that vary from 0.2 to 2.5 eV (refs 6, 19-21) (1 eV 5 96 kJ mol 21 ). In a bid to reduce this uncertainty, which is fundamental to improving projections of feedbacks between the carbon cycle and future climate change [15] [16] [17] [18] , we quantified variation in the temperature dependence of CH 4 fluxes in meta-analyses of three different types of experiments (pure cultures of methanogens, laboratory incubations of anaerobic sediments, and seasonal field surveys of CH 4 emissions) that correspond to three distinct levels of biological organization (population, community and ecosystem). In particular, we assess whether ecosystem-level CH 4 emissions exhibit temperature dependencies similar to those of the underlying methanogenic process. To do this, we first established the magnitude and variability of the temperature dependencies of key rate processes for populations of methanogens in culture (methanogenesis, growth) and laboratory incubations of anaerobic microbial communities from natural sediment samples (CH 4 production). We then assessed whether these temperature dependencies differ from those observed in an ecosystem-level analysis of the seasonal temperature dependence of CH 4 emissions from aquatic, wetland and rice-paddy ecosystems.
To characterize the temperature dependencies of physiological rate processes for methanogens, we fit the Boltzmann-Arrhenius function (which describes the exponential relationship between metabolic rate and temperature, assuming a single enzyme-catalysed reaction is ratelimiting 22 ), separately, to the data compiled from the population and community-level experiments using linear mixed-effects models (see Methods).
The population-level analysis reveals that the average temperature dependencies for the rates of methanogenesis and growth are similar. Specifically, the improvement in model fit going from a null model, which assumes a common average activation (E M in equation (1), see Methods) energy for both rate processes to an alternative model, which assumes a distinct average activation energy for each rate process, is not statistically significant (likelihood ratio test: x 2 5 0.39, d.f. 5 1, P 5 0.53). Thus, the average temperature dependencies for both rate processes (methanogenesis and growth) can be characterized using the same average apparent activation energy (E M 5 1.10 eV, 95% confidence interval of 0.93-1.27 eV; Fig. 1a) .
The community-level analysis of CH 4 production rates from anaerobic sediment incubations produces a similar value for the average activation energy (E M 5 0.93 eV, 95% confidence interval of 0.82 -1.03 eV), suggesting that the temperature dependence of CH 4 production at the community level largely reflects the kinetics of the physiological processes generating this flux. More detailed analyses of these communitylevel data indicate that the average activation energies for the sediments from three broadly defined ecosystem types (that is, aquatic ecosystems, wetlands and rice paddies) are statistically indistinguishable (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for each ecosystem type: x 2 5 1.62, d.f. 5 2, P 5 0.44). However, for both the populationand community-level analyses, temperature dependencies do vary among experimental units, i, as indicated by the statistical significance of random effects on the activation energies (characterized by e EM ,i in equation (1), see Methods and Table 1) , owing, for example, to inherent physiological differences between strains of methanogens in culture and variation between sediment samples in microbial community composition.
To assess how the average temperature dependence of CH 4 production for methanogenic populations and communities compares to that of CH 4 emissions from entire ecosystems, we fit the BoltzmannArrhenius equation to a database of 1,553 measurements of CH 4 emission and temperature, measured seasonally for 127 field sites that span the globe and encompass wetlands, rice paddies and aquatic ecosystems. Analysis revealed that the estimated average activation energies are statistically indistinguishable for these three ecosystem types (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for each ecosystem type: x 2 5 4.97, d.f. 5 2, P 5 0.10), and can therefore be characterized by a common parameter (E M 5 0.96 eV; 95% confidence interval of 0.86-1.07; Fig. 2 ). This average temperature dependence is statistically indistinguishable to those observed for CH 4 production from populations in culture and incubations of microbial communities from sediments-that is, all three estimates for E M have 95% confidence intervals that overlap (Table 1 )-which is remarkable given the multitude of processes that may confound the temperature dependence of CH 4 emissions over a seasonal cycle at the ecosystem level. Thus, our analysis is consistent with the hypothesis that the seasonal temperature dependence of CH 4 emissions at the ecosystem level largely reflects the kinetics of the methanogenic processes generating this flux (see Supplementary Information section 2 for further discussion of the potential mechanisms governing the scaling of the temperature dependence of CH 4 fluxes from populations to ecosystems).
Importantly, the average apparent activation energy we report here for the seasonal temperature dependence of ecosystem-level CH 4 emissions (E M 5 0.96 eV) is considerably higher than that reported previously for CO 2 fluxes attributable to respiration (,0.65 eV) 11 and photosynthesis (,0.3 eV) 12 , which could have important implications for the effect of global warming on the balance of CH 4 and CO 2 emissions from ecosystems 23 . Given these differential temperature dependencies, we expected the ratio of CH 4 to CO 2 emissions to increase, on average, with seasonal increases in temperature for a collection of sites (see Supplementary Information section 1).
To test this prediction, we analysed ecosystem-level data for the subset of sites in our compilation where simultaneous measurements of CH 4 and CO 2 fluxes have been made, enabling us to calculate the efflux ratio of these greenhouse gases in response to seasonal variation in temperature. This data set comprises 177 estimates from 38 field sites. In exactly the same way as for the analyses of CH 4 emissions, we fit a linear mixed-effects model using the Boltzmann-Arrhenius function processes at population and community levels. Temperature dependencies for methanogen populations in culture (a) and anaerobic microbial communities from natural sediment samples (b) are separately characterized using mixed-effects models by fitting Boltzmann-Arrhenius functions with experimental-unit-level random effects on the apparent activation energy and rate at fixed temperature (see equation (1) in the Methods). Analyses reveal that average temperature dependencies are statistically indistinguishable for rates of growth and methanogenesis (a, open circles and filled circles, respectively) by populations of methanogens (P 5 0.53), and rates of CH 4 production by laboratory-incubated anaerobic microbial communities from aquatic, wetland and rice-paddy sediments (b, squares, triangles and crosses, respectively) (P 5 0.44). The fitted solid lines correspond to the average apparent activation energies estimated from the mixed-effects models (E M 5 1.10 and 0.93 eV for the population (a) and community (b) analyses, respectively). Data have been standardized by subtracting from each measurement the estimated experiment-specific intercept; that is, the estimated rate at fixed temperature, ln F T C ð Þ, where T C is the average of the temperature measurements for the population-level data (27.2 uC in a) and the community-level data (17.5 uC in b). These standardizations are used for visualization of the data only. Parameters were determined by fitting Boltzmann-Arrhenius functions to rates (equation (1)) or ratios of rates (equation (2)) using mixed-effects models. The standard deviations of the random effects used to characterize differences among sites or experimental units in temperature dependencies (eE M ,i and eE M:C ,i in equations (1) and (2) of the Methods, respectively) are significantly greater than zero in all analyses (P , 0.05), as are the standard deviations of the random effects used to characterize differences in rates (or rate ratios) among sites or experimental units at fixed temperature (eF,i and eQ,i, respectively) (P , 0.001).
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to the natural logarithm of the CH 4 :CO 2 flux data. As predicted, this ratio increases with increasing temperature for the majority of the field sites (35 of 38), yielding average temperature dependence across sites (characterized by E M:C in equation (2), see Methods) of 0.71 eV (95% confidence interval of 0.46-0.97 eV; Fig. 3 ). This finding suggests that, on average, the relative contribution of CH 4 to total greenhouse gas emissions increases with seasonal increases in temperature due to the differences in the biochemical kinetics of methanogenesis, respiration and photosynthesis. Our analyses demonstrate that, on average, CH 4 emissions for a wide range of ecosystems show a temperature dependence similar to that of methanogenesis by methanogen populations in culture and CH 4 production from incubations of microbial communities from sediments. Moreover, this average temperature dependence is much higher than that of both respiration 11 and photosynthesis 12 , resulting in a greater relative contribution of CH 4 to total carbon emissions at higher temperatures. Although this consistent temperature dependence of CH 4 fluxes from microbes to ecosystems is remarkable, our results also emphasize that temperature is not the only variable that controls CH 4 emissions from ecosystems. The substantial site-to-site variation we report for the temperature dependence of ecosystem-level CH 4 emissions (see Fig. 2b and Table 1 ) highlights the importance of other variables in driving deviations from the underlying physiological response. Moreover, the average apparent activation energy we report here (E M 5 0.96 eV), based on the seasonal temperature dependence of CH 4 emissions within sites, does not apply across sites along geographic temperature gradients. Indeed, the response of CH 4 that is positive and significant (P . 0.05). Data in a have been standardized by subtracting from each measurement the estimated site-specific intercept; that is, the estimated ratio of CH 4 :CO 2 emissions at fixed temperature, ln F T C ð Þ, where T C is the average temperature for the ratio data (15.3 uC) . This standardization is used for visualization of the data only. Table 1 ). In a, data have been standardized by subtracting from each measurement the estimated site-specific intercept; that is, the estimated rate of CH 4 emission at fixed temperature, ln F T C ð Þ, where T C is the average of the temperature measurements in the field emissions data set (15.6 uC). This standardization is used for visualization of the data only.
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response to seasonal variation within sites (see Fig. 2 ). Furthermore, for natural wetlands, which span the broadest gradient in average temperature, we observe a significant negative correlation between the site-level intercept-that is, CH 4 emissions at fixed temperature, ln F(T C ) (see equation (1) in Methods)-and average site temperature (Extended Data Fig. 2e ). These results suggest that temperature-dependent variation in other biotic (for example, methanotrophy 6 , substrate supply 3, 7 , microbial community structure and/or composition 8 , physiological acclimation and/or adaptation 24 ) and abiotic variables (for example, watertable depth 9, 10 ) may have an important role in constraining the response of CH 4 emissions to warming in the long-term, as has been suggested for rates of ecosystem respiration 11 . Overall, our findings provide an empirical basis for refining representations of the temperature dependence of CH 4 fluxes in coupled climate-carbon cycle models [15] [16] [17] [18] 25 . In particular, they provide evidence that the temperature dependencies of methanogenesis, CH 4 production and CH 4 emissions are substantially higher than two other key rate processes in the carbon cycle, heterotrophic respiration and photosynthesis. The observation of a general increase in the CH 4 :CO 2 ratio with increasing temperature, driven by the relatively high temperature dependence of CH 4 production, may have important implications for the magnitude of future positive feedbacks between global warming and the carbon cycle given the greater potency of CH 4 compared to CO 2 as a greenhouse gas 2, 13 .
METHODS SUMMARY
We used linear mixed-effects modelling 26 to quantify the temperature dependencies of metabolic rate processes for pure cultures of methanogens, anaerobic microbial communities and seasonal field surveys of CH 4 emissions by fitting BoltzmannArrhenius functions of the form:
where ln F i T ð Þis the natural logarithm of the rate of CH 4 flux at absolute temperature, T (K), for some arbitrary experimental unit, i. In this expression, each experimental unit, i, corresponds to a distinct strain of methanogen (population-level analysis), sediment sample (community-level analysis) or site (ecosystem-level analysis). The parameter E M (in eV) corresponds to an average among experimental units for the apparent activation energy, which characterizes the temperature dependence of F i T ð Þ, and k is the Boltzmann constant (8.62 3 10 25 eV K
21
). We centred the temperature data separately in each analysis using the mean temperature for the data set, T C , so that ln F T C ð Þcorresponds to an average among experimental units for the rate at T C . For each analysis, we expect estimates of the apparent activation energy, E M , and the rate of CH 4 production at a fixed temperature, ln F T C ð Þ, to vary between experimental units. We account for this variation by treating the slopes and intercepts as random variables with averages of E M and ln F(T C ), respectively, and deviations from these averages of e EM ,i and e F,i for each experimental unit, i.
We used linear mixed-effects modeling 26 to quantify the temperature dependence of the CH 4 :CO 2 emission ratio using a Boltzmann-Arrhenius-type approximation (see Supplementary Information section 1 ) of the form:
where Q i T ð Þ is the ratio of CH 4 to CO 2 emissions for site i at temperature T, E M:C and ln Q T C ð Þ are the respective averages across sites for the temperature dependence of this ratio and the magnitude of the ratio at a fixed temperature T C ; e EM:C ,i and e Q,i are random-effects terms used to represent site-level deviations from these averages.
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METHODS
Statistical analyses. We used linear mixed-effects modelling 26 to quantify the temperature dependencies of metabolic rate processes for pure cultures of methanogens, anaerobic microbial communities, and seasonal field surveys of CH 4 emissions, by fitting Boltzmann-Arrhenius functions of the form:
where ln F i T ð Þ is the natural logarithm of the rate of CH 4 flux at absolute temperature, T (K), for some arbitrary experimental unit, i. In this expression, each experimental unit, i, corresponds to a distinct strain of methanogen (populationlevel analysis), sediment sample (community-level analysis) or site (ecosystem-level analysis). The parameter E M (in eV) corresponds to an average among experimental units for the apparent activation energy, which characterizes the temperature dependence of F i T ð Þ, and k is the Boltzmann constant (8.62 3 10 25 eV K
21
). We centred the temperature data separately in each analysis using the mean temperature for the data set, T C , so that ln F T C ð Þcorresponds to an average among experimental units for the rate at T C . For each analysis, we expect estimates of the apparent activation energy, E M , and the rate of CH 4 production at a fixed temperature, ln F T C ð Þ, to vary between experimental units, which we account for by treating the slopes and intercepts as random variables with averages of E M and ln F T C ð Þ, respectively, and deviations from these averages of e EM ,i and e F,i for each experimental unit, i.
We used linear mixed-effects modeling 26 to quantify the temperature dependence of the CH 4 :CO 2 emission ratio using a Boltzmann-Arrhenius-type approximation (see Supplementary Information section 1) of the form:
where Q i (T) is the ratio of CH 4 to CO 2 emissions for site i at temperature T, E M:C and ln Q (T C ) are the respective averages across sites for the temperature dependence of this ratio and the magnitude of the ratio at a fixed temperature T C ; e EM:C ,i and e Q,i are random-effects terms used to represent site-level deviations from these averages.
Mixed-effects models are the most appropriate tool for meta-analyses of the kinds of data compiled for this study because they allow for nested covariance structures, where site-or experimental-unit-level relationships are nested within overall relationships, and can accommodate unbalanced designs, where the number of measurements vary among experimental units 26, 27 . This approach enabled us to determine the overall average temperature dependence of flux (E M , represented by a 'fixed' effect) for a collection of experiments or sites, i, while accounting for the fact that multiple flux-temperature relationships (corresponding to 'random' effects on the slope (e EM ,i ) and intercept (e F,i ) for each i) are nested within this overall relationship. It also allowed us to explicitly quantify the variation in temperature dependencies among sites (or experimental units).
The appropriateness of this technique is perhaps most easily explained for the analysis of field data in this study. Given that there are many other factors, besides temperature, that influence CH 4 emissions, we expect the estimated apparent activation energy to exhibit variation among sites. In particular, we expect the apparent activation energy to differ from that of the physiological flux whenever other variables that affect the rate process exhibit covariation with temperature (see ref. 11 for a theoretical derivation of this result). In this analysis, we are interested in two types of quantities: first, the fixed effects representing the average temperature response of CH 4 emissions across all 127 sites, E M , and the average emission rate at fixed temperature, ln F(T C ); and second, the random effects (e EM ,i ,e F,i ) representing the magnitudes of the deviations from these fixed effects for each of the 127 sites. The deviation from the fixed effects for any given site will be driven by other variables, besides temperature, that affect CH 4 emission and seasonally covary with temperature in the field; for example, methanotrophy 6 , watertable depth 9, 10 , substrate supply 7 , community composition 8 . Similar reasoning can be used to justify applying the mixed-effects modelling approach to the population-and community-level data. Although this statistical approach does not allow us to identify the particular variables that contribute to differences in flux-temperature relationships among sites or experimental units, it does allow us to quantify the overall magnitude of their effects as standard deviations of the random-effects terms. Given that the magnitudes of these deviations are assumed to represent a sample from a multivariate normal distribution, the resulting model can be generalized to a larger population of sites.
Parameters were estimated by fitting the Boltzmann-Arrhenius equation to the data using mixed-effects models via the 'lmer' function in the 'lme4' package of R statistical software (v 3.0.2) 28 . For these analyses, we adopted a top-down approach, starting with the most complex model, to determine the significance of the fixed and random effects in a two-stage analysis 26 . In stage one, we determined whether it was necessary to include random effects corresponding to variation in both the slope and intercept among units, i, by using a likelihood ratio test 26, 29 to assess the improvement in model fit going from a null model, which includes all potential fixed effects and only one random effect (corresponding to intercept variation), to an alternative model, which includes all potential fixed effects and both random effects (that is, on the slope and intercept). Analysis revealed that the random-effects structure that best described each data set included random variation in both the slope and the intercept (see Table 1 for details of the statistics). In the second stage, we applied the random-effects structure determined in stage one to assess the significance of the fixed effects (averages across sites for the apparent activation energy and intercept), and other potential covariates, using likelihood ratio tests. The results of these likelihood ratio tests are given below and in the main text. Data compilations. For population-level experiments, measurements of rates of methanogenesis and temperature from cultures of methanogenic Archaea were compiled based on an exhaustive search of the literature. Experiments were only included in the analysis if they met the following criteria: rates were measured at three or more distinct temperatures at or below the optimum; rates were measured during the logarithmic (that is, exponential) phase of population growth, either in batch or continuous culture; rates could be normalized by population biomass. These criteria were met for 12 separate strains. Only data up to the optimum temperature were analysed. Two experiments of enrichment cultures for acetic acid conversion to CH 4 were also included because these culturing techniques result in numerical dominance by methanogenic populations 30 . In our analysis, these enrichment cultures had estimates of the apparent activation energy within the range exhibited by the pure cultures.
To explore further the temperature dependence of metabolic rate processes in methanogens, we compiled additional data on methanogen growth rates, which have been reported more frequently in the literature than rates of methanogenesis. Given the rapid growth rates of these populations (that is, doubling times of less than 1 day), and that the energy transformations required to fuel this growth result from methanogenesis, growth rates of methanogens are likely to be closely linked to rates of methanogenesis and hence ecosystem-level CH 4 emissions. Growth rate data meeting the same three criteria listed above for methanogenesis were compiled for 21 strains of methanogens, and encompass both the acetoclastic and hydrogentrophic groups.
Mixed-effects model analysis indicates that the average activation energies are not significantly different for rates of methanogenesis and growth (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for methanogenesis and growth rate; x 2 5 0.39, d.f. 5 1, P 5 0.53). These findings suggest that methanogen growth efficiency is approximately independent of temperature for populations that are growing exponentially and are not therefore substrate limited. We also found no significant difference between the acetoclastic or hydrogenotrophic methanogens in the temperature dependencies of either growth rate or methanogenesis (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for acetoclastic or hydrogenotrophic methanogens; x 2 5 1.30, d.f. 5 1, P 5 0.25). We therefore combined the data on rates of growth and methanogenesis for both groups to characterize an overall average temperature dependence for these metabolic rate processes in methanogen populations (Fig. 1a) .
For community-level experiments, rates of CH 4 production were compiled from the literature from experiments in which sediment samples from aquatic, wetland and rice-paddy ecosystems, where incubated anaerobically under laboratory conditions at multiple temperatures. Our data compilation consists of 402 estimates of CH 4 production from 47 separate anaerobic communities sampled from 16 aquatic ecosystems, 26 wetlands and 5 rice-paddy ecosystems. Unlike the culture data, these data characterize the overall effect of temperature on the production of CH 4 by the entire sediment microbial community 31, 32 . CH 4 is produced as the terminal product of organic matter decomposition, and is known to be dependent on a series of syntrophic associations with anaerobic bacteria, protozoa and fungi, which supply the methanogens with the precursors for methanogenesis 3 , H 2 , CO 2 and acetate. It is accomplished by the more or less sequential reduction of NO 3 2 , Mn(IV), Fe(III), and SO 4 22 , before CH 4 production becomes the sole process of organic matter degradation 31, 32 . The length of this reduction period, during which organic matter is oxidised to CO 2 , and which precedes the production of CH 4 , is determined by the relative amounts of organic matter and inorganic electron acceptors in the sediment 31 . These factors are likely to vary between experiments carried out on sediments from different sites. Thus, between-experiment variation in the length of the incubation period over which the estimate of CH 4 production is determined may influence the measured rate, and may also interact with temperature (for example, if the sequential reduction of electron acceptors proceeds faster at higher temperatures 32 ) to influence the estimated apparent activation energy.
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The experimental techniques applied in these studies were heterogeneous with respect to the duration over which the flux of CH 4 was determined-ranging from 2 to 30 days-and with respect to whether or not there was a pre-incubation period. We found no evidence that length of the incubation duration affected estimates of the apparent activation energy when this variable was included as a fixed factor in our linear mixed-effects model (likelihood ratio test comparing an alternative model including an interaction between temperature and the length of the incubation duration to a null model with no interaction term: x 2 5 0.95, d.f. 5 1, P 5 0.33). These findings suggest that the estimated apparent activation energy is largely unaffected by potential effects of temperature on the speed of alternative electron acceptor reduction. Among the 47 studies, 15 entailed preincubation periods ranging from 1 to 60 days in the dark at 4 uC. We found no evidence that the presence or absence of an incubation period affected the estimated temperature dependence when this variable was included as a binary fixed factor in our mixed-effects model (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for experiments with and without pre-incubation periods; x 2 5 1.92, d.f. 5 1, P 5 0.38). In summary, estimates of the apparent activation energy appear to be largely unaffected by differences in experimental protocols among studies. Our database of ecosystem-level CH 4 emission data comprises both published data compiled from the literature and unpublished data analysed here for the first time (see below for data-collection methods for the unpublished data set). In total, this database comprises 1,553 estimates of CH 4 emission and temperature taken from 127 sites across the globe, including 57 aquatic ecosystems, 51 wetlands and 19 rice paddies (Extended Data Fig. 1 ). CH 4 emissions were estimated using one of three methods: the floating-chamber technique; the eddy-covariance method; or occasionally (,5% of the estimates) the modelled-diffusion method, which yields estimates based on the concentration of CH 4 just below the air-water interface. The estimated apparent activation energies of seasonal CH 4 emissions did not vary significantly among the three methods when this variable was included as a fixed factor in the mixed-effects model (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for each measurement method; x 2 5 0.52, d.f. 5 2, P 5 0.77), which justifies combining data obtained using all three methods for the analysis.
We assessed potential differences in the temperature dependence of CH 4 emissions among three 'ecosystem types'-aquatic, wetland and rice-paddy ecosystems-owing to differences in the physical and chemical characteristics of these ecosystems. 'Aquatic' ecosystems were defined as those that have standing water throughout the year, and included lakes and rivers. Wetlands were defined as natural systems with either permanently or seasonally water-saturated soils, and include peatlands, bogs and swamps. Finally, rice paddies were defined as man-made water-saturated sites established for rice cultivation. We separated these systems for the analysis, because the differences in their physical and chemical characteristics have the potential to modify the seasonal temperature dependence of CH 4 emission in a systematic way. For example, methanotrophy in aerobic zones can re-oxidize up to 90% of the CH 4 produced in anaerobic sediments 6 . Among these three ecosystem types, aquatic systems (lakes and rivers) are expected to have the largest aerobic zones beneath the air-water interface, and may therefore be expected to exhibit temperature dependencies that deviate furthest from the intrinsic temperature dependence of methanogenesis. However, as noted in the main text, although the temperature dependencies clearly varied between sites (Fig. 2b) , we found no evidence of systematic differences in temperature dependence between the three ecosystem types (likelihood ratio test comparing a null model with a single activation energy to an alternative model with separate activation energies for each ecosystem type; x 2 5 4.97, d.f. 5 2, P 5 0.10). This finding is broadly consistent with recent studies [33] [34] [35] , which show that methanotrophy is primarily limited by substrate availability under in situ CH 4 concentrations in aquatic ecosystems, and exhibits no temperature dependence when CH 4 is limiting. Therefore, our results, and those of refs 33-35, suggest that methanotrophy generally does not interact with CH 4 production and temperature under in situ CH 4 concentrations. Rather, methanotrophy seems to track the seasonal dynamics of CH 4 production, resulting in little modulation of the observed temperature dependence.
Another factor that may systematically affect the observed temperature dependence of CH 4 emissions, at least for the fluxes estimated through the floating-chamber technique, is the relative contributions of fluxes attributable to diffusion versus ebullition. This is because ebullition has the potential to bypass the methanotrophic microbial populations in the oxic zones of the sediment and water column. We believe that the estimates of CH 4 emissions in our database are largely attributable to diffusive fluxes, due to the extensive sampling effort (in both space and time) required to accurately quantify ebullition fluxes. Although none of our flux estimates could be partitioned into diffusive and ebullition fluxes, we attempted to assess indirectly whether ebullition influenced the estimated temperature dependence by including the duration over which the flux chamber was deployed as a covariate in our mixed-effects model. In carrying out this analysis, we reasoned that ebullition fluxes were more likely to be assayed for chambers deployed for longer periods of time. However, we found no evidence of a significant interaction between 'flux duration' and 'temperature' in the mixed-effects model (likelihood ratio test comparing an alternative model including an interaction between temperature and flux duration to a null model with no interaction term: x 2 5 0.85, d.f. 5 1, P 5 0.36) when analysing fluxes estimated using the floating-chamber technique (n 5 1,007, 118 sites).
The unpublished emission data included in our analysis come from lakes and rivers located in four distinct boreal regions of Québec, eastern Canada: Abitibi south (48.5u N, 79u W), Abitibi Borth (51u N, 79u W), Chibougamau (49.5u N, 74u W) and Chicoutimi (48u N, 71u W), and in boreal Sweden (58-59u N, 12-18u E). Geographic and climatic details of these regions can be found in ref. 36 and at http://www.smhi.se, respectively. The selected lakes and rivers were visited from three to 12 times during the open water season (May to November 2012). Surfacewater partial pressures of CO 2 (pCO 2 ; Canadian sites only) and of CH 4 (pCH 4 ) were measured using the headspace method. Water was sampled at 0.1-0.5 m from the surface from the deepest measured point of lakes, and near the shores of streams, rivers and wetlands. Samples were taken using a 60-ml polypropylene syringe by extracting 30 ml of water, followed by 30 ml of ambient air, to create a headspace in a 1:1 ratio of ambient air to water. The syringe was then vigorously shaken for 1 min in order to equilibrate the gases in water and air. Ambient pCO 2 was measured in situ using an EGM-4 infrared gas analyser (PP-systems). pCH 4 samples (in duplicate) were placed in 30-ml glass vials equipped with crimped rubber stoppers, filled with saturated saline solution, and then stored inverted until subsequent analysis in laboratory with Shimadzu GC-8A Gas chromatograph with FID (flame ionization detector). In Canada, the CO 2 and CH 4 fluxes were measured on the basis of changes in pCO 2 and pCH 4 with time in floating chambers. The chamber was connected in closed loop to an EGM-4 infrared gas analyser (PPsystems), with pCO 2 in the chamber measured every minute for 10 min. The accumulation rate was estimated from these data using linear regression. Samples for pCH 4 were taken from a sampling port every 10 min, and analysed as described above. Flux calculations were carried out following ref. 37 . The measurements in Sweden focused on CH 4 only allowing 24 h floating flux chamber deployments. The details of field approaches and flux calculations for these measurements are found in ref. 38 .
For ecosystem-level studies including CH 4 :CO 2 ratio, the seasonal temperature dependence of the CH 4 :CO 2 efflux ratio was estimated for the subset of field sites in our database (38 of 127) with simultaneous measurements of CO 2 and CH 4 emissions. , although temperature explains only 12% and 9% of the variance, respectively, for CH 4 emissions from these two ecosystem types. In contrast, it is not significantly correlated with average CH 4 emissions for rice paddies (c). Average site temperature is also not correlated with CH 4 emissions at fixed temperature, ln F(T C ) (where T C is the average temperature across the field emissions data set (15.6 uC)), for aquatic ecosystems (d) and rice paddies (f), but is significantly negatively correlated for natural wetlands (e). The latter finding suggests that temperature-dependent biotic (for example, methanotrophy, substrate supply, microbial community structure, physiological acclimation and/or adaptation) and abiotic factors (for example, water-table depth) may play an important role in constraining variation in total CH 4 emissions among wetlands along geographic temperature gradients.
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